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Available online 2 July 2016Observed sulfur dioxide (SO2)mixing ratios onboard unmanned aerial systems (UAS) duringMarch 11–13, 2013
are used to constrain the three-day averaged SO2 degassingﬂux fromTurrialba volcanowithin a Bayesian inverse
modeling framework. A mesoscale model coupled with Lagrangian stochastic particle backward trajectories is
used to quantify the source-receptor relationships at very high spatial resolutions (i.e., b1 km). The model
shows better performance in reproducing the near-surface meteorological properties and observed SO2 varia-
tions when using a ﬁrst-order closure non-local planetary boundary layer (PBL) scheme. The optimized SO2
degassing ﬂuxes vary from 0.59 ± 0.37 to 0.83 ± 0.33 kt d−1 depending on the PBL scheme used. These ﬂuxes
are in good agreement with ground-based gas ﬂux measurements, and correspond to corrective scale factors
of 8–12 to the posteruptive SO2 degassing rate in the AeroCom emission inventory. The maximum a posteriori
solution for the SO2 ﬂux is highly sensitive to the speciﬁcation of prior and observational errors, and relatively in-
sensitive to the SO2 loss term and temporal averaging of observations. Our results indicate relatively low
degassing activity but sustained sulfur emissions from Turrialba volcano to the troposphere during March
2013. This study demonstrates the utility of low-cost small UAS platforms for volcanic gas composition and
ﬂux analysis.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Volcanism is an important natural source of chemically and micro-
physically active gases and solid particles with signiﬁcant effects on
the Earth's atmospheric composition, radiative balance, and climate.
These emissions occur through a variety of volcanic processes, including
explosive eruption, effusive eruption and noneruptive continuous
degassing. Much attention has been focused on the formation of strato-
spheric sulfate aerosols by large eruptions and their global climate ef-
fects (Robock, 2000). In comparison, emissions from small episodic
eruptions and sustained degassing in the troposphere are less under-
stood, even though the estimated annual sulfur ﬂux from degassing
events is comparable to that from major eruptions (Mather et al.,
2003). In addition, sulfur species from degassing volcanoes may have
longer atmospheric lifetime and stronger climatic impact compared tor, M/S 232-21, Moffett Field, CA
. This is an open access article underanthropogenic sources, due to the generally higher entrainment alti-
tudes (Mather et al., 2003). Therefore, an accurate characterization of
the magnitude and variability of volcanic sulfur degassing is crucial for
understanding the natural background of sulfate aerosols, which is im-
portant for detection and attribution of the anthropogenic interference
on climate change.
Since volcanic degassing is inherently linked with the subsurface
magmatic-hydrothermal processes, continuous surveillance of the gas
composition andﬂux is critical for understanding the evolution of volca-
nic systems and assessing the risk of potential eruptions. Sulfur dioxide
(SO2) is well suited for volcanic surveillance due to its generally rich
abundance in volcanic gas emissions, low tropospheric background,
and unique spectral signatures in the ultraviolet (UV) and infrared
(IR) bands (Oppenheimer and McGonigle, 2004). As such, ground-
based sampling and remote sensing methods have long been used to
measure volcanic gas chemistry based on UV and IR absorption
spectroscopy, such as the ultraviolet differential optical absorption
spectroscopy (DOAS) and Fourier transform infrared (FTIR) spectrosco-
py (Oppenheimer et al., 2011). Miniaturized scanning DOASthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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nic and Atmospheric Change (NOVAC) project to establish a global au-
tonomous monitoring network of active volcanoes (Galle et al., 2010).
Compared to ground-based platforms, satellite remote sensing provides
much larger spatial coverage suitable for large explosive eruptions;
however, monitoring weak degassing events from space is challenging
(Thomas andWatson, 2010). Recent technological advances such as un-
manned aerial systems (UAS) have also been increasingly used for vol-
canic gas measurements (e.g., McGonigle et al., 2008; Pieri et al., 2013;
Mori et al., 2016).
Turrialba volcano is one of the most active stratovolcanos in Central
America, and poses serious risk to the highly populated Central Valley of
Costa Rica. Starting from the mid-1990s, Turrialba has been showing
signs of reawakening via increased seismic and degassing activities
(Martini et al., 2010). Since late 2001, drastic increases in the SO2 ﬂux
magnitude, SO2/H2S ratio, and fumarolic temperature have signiﬁed
the transition from a low-temperature hydrothermal-dominated to
high-temperature magmatic-dominated ﬂuid system due to the pro-
gressive ascent of fresh magmatic ﬂuids (Vaselli et al., 2010; Campion
et al., 2012). Following an abrupt increase in the SO2 ﬂux in late 2009,
a phreatic eruption event (volcanic explosivity index VEI = 2) occurred
on January 5, 2010, which opened a new vent at the southwestern side
of the west crater of Turrialba (Conde et al., 2013). Another new vent
opened at the southwest ﬂank of the west crater following an explosive
event (VEI = 2) on January 12, 2012 (Avard et al., 2012). The 2010 and
2012 vents have since become the main degassing source with similar
gas composition and temperature, suggesting a common magmatic
source (Moussallam et al., 2014). On May 21, 2013 an explosive event
(VEI = 2) occurred at both vents with ash plumes rising N500 m
(Global VolcanismProgram, 2015). Thiswas followed by a VEI=2mag-
matic eruption on October 29, 2014, the largest eruption at Turrialba in
more than a century, with strong seismic activity and ash plumes
reaching an altitude of 5.8 km (Global Volcanism Program, 2015). At
the time of writing, the volcanic unrest at Turrialba continues with
sustained open-vent degassing and intermittent ash eruptions.
In response to the ongoing unrest at Turrialba volcano, four mini-
DOAS instrumentswere installed in 2008 on thewest ﬂank of the volca-
no as part of the NOVAC project (Conde et al., 2013). Satellite retrievals
of SO2 columnar concentrations have also been used to infer the gas
emissions from Turrialba and to characterize the evolution of the
hydrothermal-magmatic system (Campion et al., 2012). Using Turrialba
volcano as a natural laboratory, the University of Costa Rica in collabora-
tion with the National Aeronautics and Space Administration (NASA)
started an initiative to develop a ﬁeld-deployable low-weight low-
power-consumption UAS with compact mass spectrometer and multi-
instrument gas sensor packages (Pieri et al., 2013; Diaz et al., 2010,
2015). A ﬁeld campaign was launched in 2013 to test several volcano-
logical UAS systems, including the RQ14 Dragon Eye miniature UAS by
AeroVironment Inc., Vector Wing 100 UAS by Maryland Aerospace
Inc., and tethered balloon and kite aerostats by Allsopp Helikite Ltd.
TheUAS payload includes a battery-poweredMiniGas system consisting
of an electrochemical SO2 sensor alongwith temperature, pressure, and
relative humidity sensors, GPS, on-board data storage and 2 km range
telemetry. Such low-cost small-size UAS platforms can provide timely
in situ measurements of volcanic gas and ash plumes for a wide range
of applications, such as hazard assessment, air quality monitoring, cali-
bration of remote sensing observations, and validation of chemical
transport models.
The goal of this study is to determine the SO2 emission ﬂux from the
open-vent degassing of Turrialba volcano by using the UAS gas mea-
surements as top down constraint on the volcanic emissions. Three
days of SO2 mixing ratio measurements from March 11–13, 2013 are
used to optimize the SO2 degassing ﬂuxes through a Bayesian inverse
modeling framework. The optimized ﬂuxes provide a critical evaluation
of the volcanic emission inventory in the Aerosol Comparisons between
Observations and Models (AeroCom) database, which is widely used inclimate and atmospheric chemistrymodels (Diehl et al., 2012). The Sto-
chastic Time-Inverted Lagrangian Transport (STILT) model coupled
with high resolution meteorological ﬁelds from the Weather Research
and Forecasting (WRF) model is used to quantify the near ﬁeld inﬂu-
ence of volcanic degassing on the SO2 mixing ratio. The WRF-STILT
model has been widely used to quantify the source-receptor relation-
ships between surface trace gas ﬂuxes and downwind concentrations
measured by towers and aircrafts at regional to continental scales
(e.g., Gourdji et al., 2010; Miller et al., 2012; Jeong et al., 2013).
This study is the ﬁrst attempt to use very high resolution (b1 km)
WRF-STILT simulations for deriving surface gas ﬂuxes at local scales.
2. Data and methods
2.1. SO2 measurements
DuringMarch 2013, Turrialba volcano had relatively low seismic ac-
tivity andweak emissions prior to theMay 21, 2013 ash eruption. Fig. 1
shows an aerial view of Turrialba volcano and observed SO2 mixing ra-
tios during March 11–13, 2013. These measurements were collected by
VectorWing 100 UAS and tethered balloons at a frequency of 1–2 swith
an accuracy of 10%. All ﬂights were conducted between local time
0900–1300, and launched from the southwest ﬂank of the volcano
due to the predominant easterly and northeasterly winds. The observed
SO2 varied by an order of magnitude from aminimumof 0.3 ppm to the
instrument saturation (20 ppm) depending on the distance between
the UAS and volcanic vent. Since tropospheric background levels of
SO2 are very low (i.e., on the order of 10−5–10−2 ppm), Turrialba volca-
no was assumed to be the only SO2 source in the region. The March 11
ﬂight, which was conducted very close to the volcanic vent, detected
high in-plume SO2 levels reaching the instrument saturation. The
March 12 and 13 ﬂights were conducted further downwind where the
SO2 plume was diluted. For these saturated measurements, the instru-
ment error is potentially higher and assumed to have an error of 50%.
This assumption is found to have very small inﬂuence on the a posteriori
SO2 ﬂux, as there is a very low number of saturated values (i.e., 20 sat-
urated values out of a total of 1177). To deﬁne the receptor locations
in WRF-STILT simulations, observations are averaged every 30 s or
whenever the UAS moves vertically by 100 m. The temporal averaging
corresponds to a distance of 540 m, which is comparable to the grid
spacing used in WRF simulations (described below).
2.2. WRF-STILT model
WRF-STILT was used to compute the surface inﬂuence footprint
representing the local sensitivity of observedmixing ratios to upstream
surface ﬂuxes. STILT is a Lagrangian particle dispersionmodel driven by
meteorological ﬁelds simulated by WRF, which is a state-of-the-art
next-generation mesoscale numerical weather prediction model sys-
temdesigned for both operational forecasting and atmospheric research
(Lin et al., 2003; Nehrkorn et al., 2010). We modiﬁed WRF (v3.6) to
compute time-averaged wind velocities and convective mass ﬂuxes
in order to improve mass conservation in backward trajectory simula-
tions (Nehrkorn et al., 2010). We also implemented the Advanced
Spaceborne Thermal Emission and Reﬂection Radiometer (ASTER)
1 arc-second (~30 m) global digital elevation model data into WRF to
represent the complex topography at the volcano. Model simulations
were carried out from March 9 to 13, 2013 using ﬁve two-way nested
domains with grid spacing of 24.3, 8.1, 2.7, 0.9 and 0.3 km respectively
(see Fig. 2). The followingphysics optionswere used: Dudhia shortwave
scheme, RRTM longwave scheme, Lin microphysics scheme, Noah land
surface scheme, and Betts-Miller-Janjić cumulus scheme (the outermost
domain only). The initial and boundary conditionswere provided by the
NCEP Global Data Assimilation System ﬁnal analysis data.
In WRF simulations, the planetary boundary layer (PBL) parameter-
ization uses surface turbulent ﬂuxes as input to determine the vertical
Fig. 1. a) An aerial view of Turrialba volcano showing the UAS operation area (blue circle) and locations of four NOVAC sites; b–d) observed SO2 mixing ratios duringMarch 11–13, 2013
(red triangle indicates the location of the west crater of Turrialba volcano).
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horizontal momentum in the atmospheric column (Banks et al., 2015).
The PBL scheme also calculates the PBL height or mixing height which
is a critical parameter in air quality forecast systems. Given the impor-
tance of PBL schemes for atmospheric transport, we used four PBL
schemes to test the sensitivity of optimized SO2ﬂuxes to the PBL param-
eterization: BouLac (Bougeault and Lacarrére, 1989), MYJ (Janjić, 1990),
QNSE (Sukoriansky et al., 2005), and YSU (Hong et al., 2006). Each PBL
scheme was coupled with a particular surface layer scheme: MYJ and
YSU were coupled with the MM5-similarity surface layer scheme;
BouLac was run with the Eta similarity surface layer scheme; and
QNSE was coupled with the QNSE surface layer scheme.
STILT simulates the trajectories of an ensemble of 300 particles
transported backward 24 h from an observation point (receptor) by
mean winds and subgrid stochastic winds. From particle trajectories
STILT calculates the inﬂuence footprint (inunit of ppm/ (μmolm−2 s−1))
1)) for a receptor located at xr and time tr to an upstream source at (xj, yk)
between time ti to ti + Δt (Gerbig et al., 2003):
f xr ; tr jxj; yk; ti
  ¼ mair
hρ xj; yk; ti
  1
Ntot
XNtot
p¼1
Δtp;i; j;k ð1Þ
wheremair is themolecular mass of air; ρ is the column-average air den-
sity, h is the height of surface inﬂuence volume where surface ﬂuxes are
assumed to be well mixed, Ntot is the total number of particles, Δtp,i,j,k is
the amount of time a particle p spends within the surface inﬂuencevolume at location (xj, yk) and time ti. The surface inﬂuence volume (h)
is deﬁned as an area extending from the surface to one half of the
WRF-predicted PBL height.
2.3. A priori SO2 degassing ﬂux
Diehl et al. (2012) compiled a global volcanic SO2 emission data set
based on the Global Volcanism Program data and prior work of
Berresheim and Jaeschke (1983) and Andres and Kasgnoc (1998), as
part of the benchmark aerosol database for global climate model exper-
iments within the AeroCom project. The data set provides the time, lo-
cation, and SO2 ﬂux of eruptive, effusive, and degassing events for
each day from 1979 to 2009. Constant SO2 ﬂuxes are assigned to non-
eruptive degassing events for all volcanoes according to the time of
the last known major eruption, including a preeruptive rate of
0.75 kt d−1 for the seven days preceding the start of an eruption, a post-
eruptive rate of 0.07 kt d−1 for volcanoes which had an eruption after
1900, and an extraeruptive rate of 0.00062 kt d−1 for volcanoes which
had an eruption before 1900. In light of the 2010 phreatic eruption at
Turrialba volcano, the posteruptive rate is used as the a priori ﬂux in
the inversion.
2.4. Inversion methods
Once emitted, SO2 is depleted by oxidation and conversion to sulfate
aerosols, which must be accounted for when using downstream mea-
surements to infer the upstream source. Assuming ﬁrst-order kinetics,
Fig. 2.WRF model domain conﬁguration with locations of two meteorological stations (cross symbols) and Turrialba volcano (triangle symbol).
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tionship (Oppenheimer et al., 1998):
yt ¼ y0e−kt ð2Þ
where y0 is the initial tracer concentration, yt is the observed concentra-
tion after a travel time t, and k is the reaction rate (s−1). The travel time t
is calculated by averaging the time spent by all particles traveling from a
receptor to thewest crater of Turrialba. For all PBL schemes, we ﬁnd that
most measurements have a travel time of b3 h.
The reaction rate k can vary by several orders of magnitude (10−7–
10−3 s−1) depending on the plume altitude, cloudiness, humidity, tem-
perature, ash density, and availability of oxidants (Oppenheimer et al.,
1998). The lowest rate (k ~ 10−7 s−1) was reported for dry cold plumes
reaching the stratosphere (Read et al., 1993), while high loss rates
(k ~ 10−4–10−3 s−1) were found in ash-rich plumes within a warm
moist marine boundary layer, such as the Soufrière Hills volcano on
Montserrat (Rodriguez et al., 2008). McGonigle et al. (2004) estimated
a loss rate of 1± 2 × 10−5 s−1 for the ash-free plumes from theMasaya
volcano, Nicaragua during the 2003 dry season (March). Rodriguez et al.
(2008) argued that the loss ratemight be underestimated given that the
Masaya and Soufrière Hills volcanoes are situated in similar environ-
mental conditions. Compared to these two volcanoes, Turrialba has a
higher release altitude for SO2 plumes. During March 2013, the
degassing from Turrialba was ash-free, had low humidity (i.e., over
80% of themeasurements had a relative humidity b65%), and nomixingwith marine aerosols. Based on the ﬁndings of previous studies, we use
a k value of 1 × 10−5 s−1 for the baseline case and also conduct a sensi-
tivity test of the optimized SO2 ﬂux to k (see Section 3.3).
In addition to the chemical loss, the post-emission oxidation of hy-
drogen sulﬁde (H2S) leading to secondary production of SO2 can further
complicate the interpretation of SO2 measurements. Conversion of H2S
to SO2 occurs at a timescale of a few days (Textor et al., 2004). The
H2S fraction in sulfur degassing increases with increasing pressure and
decreasing temperature and oxygen level of the magma (Textor et al.,
2004). Tassi et al. (2004) reported dominant insoluble compounds (in-
cluding CO2 and H2S) at the water boiling point (90 °C) during the
hydrothermal-dominated stage (1998–2001) of Turrialba volcano. As
the volcano evolved to open-vent magmatic degassing after
2007–2008, the SO2 content and SO2/H2S ratio (N100) drastically in-
creased with higher temperature (up to 400 °C) (Vaselli et al., 2010).
For these reasons, we expect that H2S oxidation has negligible effects
on the measured SO2 concentrations in March 2013.
Given the observed SO2, the inverse problem of inferring surface
ﬂuxes x can be described by the following relationship:
y ¼ Hxþ ε ð3Þ
where the observation vector y comprises time-averaged SO2 mixing
ratios (described in Section 2.1) plus the compensation for the chemical
loss estimated using Eq. (2). Conde et al. (2014) showed that therewere
relatively small changes (i.e., within one standard deviation) in the daily
114 X. Xi et al. / Journal of Volcanology and Geothermal Research 325 (2016) 110–118SO2 ﬂux from Turrialba during March 17–19, 2013. Thus, the volcano is
treated as a point source with an averaged degassing ﬂux for the three
days measurements. The state vector x comprises the three-day aver-
aged SO2 degassing ﬂux. H is the Jacobian matrix computed by the
WRF-STILT model which represents the inﬂuence footprint over the
west crater. For different PBL schemes, the dimension of Hmay differ
because only the receptors with nonzero footprint values are used.Mul-
tiplyingHwith the a priori of the state vector (xa) yields themodel pre-
dicted SO2 mixing ratio. ε is the observational error describing the
model-measurement mismatch due to imperfections in the measure-
ments and model.
Applying the Bayes' Theorem with the assumption of Gaussian er-
rors to the inverse problem yields the maximum a posteriori (MAP) so-
lution for the SO2 degassing ﬂux corresponding to the minimum of the
cost function of
Jx ¼ x−xað ÞTQ−1 x−xað Þ þ y−Hxð ÞTR−1 y−Hxð Þ ð4Þ
where Q and R are the prior and observational error covariance matri-
ces, respectively. The superscript T denotes the matrix transpose opera-
tion. Taking the derivative of Eq. (4) with respect to x, and setting it to
zero yields the optimized SO2 ﬂux xp (Rodgers, 2000)
xp ¼ xa þ G y−Hxað Þ ð5Þ
where G is the gain matrix given by G=QHT(HQHT+R)−1, which de-
scribes the sensitivity of the a posteriori SO2 ﬂux to observations. The el-
ements of G are the gain factors associated with themeasurements. The
a posteriori error covariance matrix of xp is given by
V ¼ HTR−1H þ Q−1
 −1
ð6Þ
2.5. Characterization of prior and observational errors
The prior error depends on the uncertainty of the AeroCom globally
uniform SO2 degassing rates. Based on a small set of volcanoes,
Berresheim and Jaeschke (1983) found that the posteruptive rate was
highly variable from 0.05 to 0.5 kt d−1 with an average of
0.105 kt d−1. This rate was reduced to 0.07 kt d−1 to avoid overesti-
mates for a larger group of degassing volcanoes (Diehl et al., 2012).
This translates to 50% uncertainty in the a priori. The observational
error covariance matrix R includes contributions from uncorrelated in-
strument, representation, and transport model errors. The instrument
errors of the time-averaged observations are calculated by adding in
quadrature the errors (10% for measurements b20 ppm and 50% for
measurements=20 ppm) of the originalmeasurements. The represen-
tation and transportmodel errors are difﬁcult to evaluate due to the lackFig. 3. Evolution of model simulated PBL height over the UAS operation area (bof model validation data. Here their error statistics are computed using
the residual relative error method (Palmer et al., 2003; Heald et al.,
2004). Based on the difference between the measured and model
predicted SO2 mixing ratios, the mean model bias (Hxa−y) is assumed
to be due to errors in the a priori, while the residual of the model-
data difference after subtracting the mean bias describes the observa-
tional error: ε ¼ Hxa−y−Hxa−y . The diagonal elements of R are
given by Ri;i ¼ ðσεyiy Þ
2 (i= 1,…, n), where σε is the standard deviation
of ε. We ﬁnd that the instrument error constitutes a very small fraction
(b1%) of the total observational error.
3. Results
3.1. Comparison of WRF meteorology using different PBL schemes
An accurate representation of turbulent mixing and entrainment
in the PBL, particularly the evolution of PBL height, is critical for atmo-
spheric transport simulations (Dabberdt et al., 2004). Among the four
PBL schemes considered, MYJ and YSU are the most widely used
schemes in WRF-STILT applications (e.g., Miller et al., 2012; Jeong
et al., 2013). YSU is a non-local ﬁrst-order closure scheme, which de-
ﬁnes the PBL height as the height at which a critical Richardson number
is reached (Hong et al., 2006). BouLac,MYJ and QNSE are local 1.5-order
or turbulent kinetic energy (TKE) closure schemes in which the PBL
height is calculated as the height where the TKE reaches a sufﬁciently
small value (0.005 m2 s−2 for BouLac, 0.2 m2 s−2 for MYJ, and
0.01 m2 s−2 for QNSE) (Bougeault and Lacarrére, 1989; Janjić, 1990;
Sukoriansky et al., 2005). Thus, differences in the simulated PBL heights
by the four schemes are not only caused by the parameterization of
boundary layer processes (especially the entrainment formulation),
but likely more importantly, the deﬁnition of PBL height.
Fig. 3 shows that the four PBL schemes differ greatly in the simulated
PBL heights, indicating large uncertainties in representing vertical
mixing processes. QNSE yields the deepest PBL, while MYJ produces
the shallowest PBL, especially during daytime. YSU produces similar
PBL heights to BouLac during the daytime, and to MYJ during the night-
time. The surface layer scheme tied to QNSE tends to produce larger
sensible heat ﬂuxes compared to other schemes, which may partly ex-
plain the large PBL height simulated by QNSE (Shin and Hong, 2011).
The lowest PBL height simulated by MYJ suggests possible underesti-
mates of the vertical mixing due to too weak entrainment of free-
tropospheric air (Hu et al., 2010). MYJ and QNSE have been suggested
to be suitable for stable and weakly unstable stratiﬁcation, but less
valid for unstable conditions (Shin and Hong, 2011; Banks et al.,
2015). Compared to the local schemes, the non-local scheme (YSU) con-
siders multiple model levels in representing the mixing by convective
large eddies and explicitly considers the effect of entrainment processeslue circle in Fig. 1a). The shaded areas indicate the UAS operational time.
Table 1
Error statistics ofWRF-predicted near-surfacemeteorological properties. Bold values indi-
cate the best comparison against observations.
BouLac MYJ QNSE YSU
2 m air temperature r 0.88 0.87 0.88 0.89
MB [°C] −0.61 −1.10 −1.14 −0.72
NMB [%] −2.54 −4.58 −4.74 −2.99
RMSE [°C] 1.59 1.99 1.98 1.72
Dew point r 0.35 0.27 0.24 0.43
MB [°C] 0.93 0.96 0.65 0.57
NMB [%] 6.04 6.28 4.23 3.71
RMSE [°C] 1.66 1.92 1.80 1.54
10 m wind speed r 0.45 0.53 0.58 0.42
MB [m s−1] 1.62 1.20 0.84 0.27
NMB [%] 28.0 20.8 14.5 4.8
RMSE [m s−1] 3.33 3.03 2.70 2.63
r: correlation coefﬁcient; MB: mean bias; NMB: normalized mean bias; RMSE: root mean
square error.
Table 2
The a posteriori three-day averaged SO2 degassing ﬂuxes (kt d−1) for March 11–13, 2013.
All data Gain factor screenedª A posteriori
N r N r SO2 ﬂux Uncertainty
BouLac 39 0.47 31 0.73 0.59 0.37
MYJ 60 0.31 46 0.66 0.83 0.33
QNSE 48 0.28 30 0.69 0.65 0.32
YSU 49 0.59 38 0.68 0.79 0.37
ª Measurements with a gain factor larger than 2 × 10−4 kt d−1 / ppm. N: number of av-
eraged SO2 measurements with nonzero footprint values; r: correlation coefﬁcients be-
tween model-predicted and observed SO2.
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unstable conditions in simulating the evolution of PBL and surface prop-
erties (e.g., Hu et al., 2010; Shin and Hong, 2011).
Due to lack of model validation data, we are unable to fully evaluate
the model performance in representing the boundary layer structure
near the Turrialba volcano. However, using data from two meteorolog-
ical stations at the Juan Santamaría and Tobías Bolaños international air-
ports (station locations shown in Fig. 2), we compare the performance
of four PBL schemes in simulating the hourly 2 m air temperature,
dew point, and 10 m wind speed. Table 1 shows strong correlation be-
tween the observed and model predicted air temperature, while there
is moderate correlation between the observed and model predicted
dew point andwind speed (also see Fig. S1). In general, all PBL schemes
produce cold and moist biases. YSU yields the lowest model bias in the
near-surface meteorological properties. As a result, YSU is likely to have
a better performance than other schemes in representing the PBL
mixing processes at Turrialba volcano.
3.2. Constraint on SO2 degassing ﬂuxes
Based on Eq. (1), the inﬂuence footprint of SO2 measurements de-
pends on the surface inﬂuence volume, which is a function of PBL
height, and the ensemble particle trajectories driven by interpolated
mean wind ﬁelds and stochastic eddies. Fig. 4 shows that the averaged
footprint values for the four PBL schemes are initially very similar.
Their differences increase as the particles travel away from the recep-
tors. When using the BouLac scheme, the particle trajectories reach
greater heights and exit the surface inﬂuence volume more quickly
than other schemes, resulting in the lowest footprint values. In particu-
lar, the measurements on March 12 see no inﬂuence (i.e., H = 0) fromFig. 4. The domain-averaged footprint values (unit: ppm / (μmol m−2 s−1))the volcano, suggesting large transport model errors while using the
BouLac scheme.
Table 2 summarizes the optimized a posteriori three-day averaged
SO2 degassing ﬂux and uncertainty. Since we only use measurements
with nonzero footprint values, the dimension of the observation vector
(y) differs among the four PBL schemes. By comparing the observed SO2
mixing ratios with WRF-STILT predictions, we ﬁnd systematic underes-
timates (by over 98%) by the model, which can be attributed to the
transport model error and, more importantly, bias in the a priori. The
correlation between observed and model predicted SO2 show different
skills of the four PBL schemes in reproducing the observed SO2 varia-
tions. Overall, all PBL schemes show low to moderate model skills
(r ~ 0.3–0.6). YSU yields the best correlation between the predicted
and observed SO2 as suggested by its performance in comparison with
observed meteorology. After removing the measurements associated
with a gain factor b2 × 10−4 kt d−1 / ppm, there are signiﬁcant im-
provements in the model skill (r ~ 0.7). The data screening result in
b10% changes in the a posteriori SO2 ﬂuxes. Based on all measurement
data, the optimized SO2 ﬂuxes are 0.59 ± 0.37, 0.83 ± 0.33, 0.65 ±
0.32 and 0.79 ± 0.37 kt d−1 for the BouLac, MYJ, QNSE, and YSU PBL
schemes, respectively. The scaling factors for all PBL schemes suggest
that the model under-prediction of observed SO2 are most likely due
to the bias in the a priori rather than the bias in the transport model.
The a posteriori uncertainty is given by one standard deviation of the
mean estimate. These mean estimates correspond to correction scale
factors of 8.4, 11.9, 9.3 and 11.3 to the AeroCom posteruptive rate,
which implies potential signiﬁcant underestimation of sulfur degassing
at Turrialba volcano by the AeroCom emission inventory.
The degassing activity from Turrialba volcano has shown great ﬂuc-
tuations in the last few years. Based on the SO2 ﬂuxes derived using
NOVAC station data (station locations shown in Fig. 1), Conde et al.
(2013) reported that the volcano experienced a baseline period charac-
terized by a steady and low SO2 ﬂux of 0.36± 0.25 kt d−1 betweenMay
2008 and March 2009. This was followed by enhanced and highly vari-
able degassing between March 2009 and September 2011. Strong SO2of all receptors as a function of the travel time away from the receptors.
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eruption on January 5, 2010. Similarly, Campion et al. (2012) found that
the SO2 ﬂux derived from satellite instruments increased from
0.43–0.86 kt d−1 to 2.59–4.32 kt d−1 prior to the phreatic eruption.
After the eruption, the SO2ﬂux gradually decreased and reached the sat-
ellite detection limit (~0.3 kt d−1) in early 2011 (Campion et al., 2012).
Based on the NOVAC station data, Conde et al. (2014) reported that the
Turrialba SO2 daily ﬂux varied from0.7 to 0.95 kt d−1with an average of
0.84 ± 0.12 kt d−1 during March 17–19, 2013. The NOVAC-based SO2
ﬂuxes are subject to an uncertainty of 27–33% under optimal weather
conditions, and up to 54% under unfavorable conditions (Galle et al.,
2010; Conde et al., 2013). Based on DOAS and FTIR spectroscopy mea-
surements at Turrialba, Moussallam et al. (2014) reported a three-day
averaged SO2 ﬂux of 0.45 ± 0.16 kt d−1 for March 22, 23 and 25,
2013. Our inverse estimates based onUAS ﬂightmeasurements are con-
sistent with these reported values. Overall, these results indicate rela-
tively low degassing activity but sustained sulfur emissions to the
troposphere during March 2013.
3.3. Sensitivity analysis
To test the robustness of the optimized SO2 degassing ﬂuxes, we
conduct a set of sensitivity inversions using different SO2 loss rates,
prior and observational errors, temporal averaging of observations,
and deﬁnitions of the surface inﬂuence volume. In each experiment
only one factor is perturbed while others remain the same as the base-
line inversion described in Section 3.2. Through the sensitivity analysis
we can obtain a better assessment of the possible error sources and
their inﬂuence on the optimized SO2 ﬂuxes.
The results from sensitivity studies are shown in Fig. 5. The a
posteriori SO2 degassing ﬂux and uncertainty are insensitive to the
SO2 loss rate k. Compared to the case of no loss term (k=0s−1), assum-
ing k=1×10−5 s−1 results in b10% compensation to the observed SO2
mixing ratio. That corresponds to an increase by 9.3%, 4.5%, 4.3% and
1.3% in the optimized SO2 ﬂux for the BouLac, MYJ, QNSE and YSU
PBL schemes, respectively. As k changes by nearly an order ofmagnitude
from 1 × 10−5 to 9 × 10−5 s−1, MYJ shows the largest change (i.e., 34%)
in the optimized SO2 ﬂux, whereas BouLac and YSU show b5% changes.
The solution to the minimization of the cost function in Eq. (3) de-
pends on the relative weights of prior and observational errors. Fig. 5Fig. 5. Sensitivity of the three-day average a posteriori SO2 degassing ﬂux to the SO2 loss
rate (no loss, k = 5 × 10−5 s−1 and 9 × 10−5 s−1), prior error (25%, 100% and 200%),
observation error (increase by 20% and 50%), temporal averaging time of observations
(10 and 60 s), and deﬁnition of the surface inﬂuence volume (0.9 × PBL height).shows that the optimized SO2 ﬂux increases with an increasing prior
error and decreasing observational error. Since the a priori is signiﬁcant-
ly underestimated compared to the true state, the a posteriori SO2ﬂux is
highly sensitive to the prior error despite that the dimension of the ob-
servation vector is much larger than that of the a priori. Doubling or re-
ducing the prior error by half leads to N50% changes in the a posteriori
SO2 ﬂux and uncertainty. Increasing the observational error by 20%
and 50% leads to decreases of 10–15% and 25–30% in the a posteriori
SO2 ﬂux, and negligible changes in the a posteriori uncertainty.
High temporal resolution measurements are typically averaged by a
certain time interval to be used in inversion analysis. While the strategy
loses some of the ﬁne-scale structures of the observed tracer, it is often
necessary to avoid large transport model errors, improvemodel skills in
reproducing the observations, and reduce computational cost. Two sen-
sitivity tests are conducted by averaging the measurements every 10
and 60 s.When using a ﬁner temporal resolution, themodel skill signif-
icantly deteriorates with low correlation (r ~ 0.1–0.4) between the ob-
served and model predicted SO2. Meanwhile, Fig. 5 shows that the a
posteriori SO2 ﬂux was signiﬁcantly reduced due to a drastic increase
in the observational error. On the contrary, the model skill improves
(r ~ 0.5–0.8) when a coarser temporal resolution is used. The resultant
a posteriori SO2ﬂux however shows little variations (b2%). Using a tem-
poral resolution corresponding to the transport model grid spacingmay
be good practice in averaging high resolution measurements.
The surface inﬂuence volume is by default deﬁned as the region ex-
tending from the surface to one half of the WRF predicted PBL height.
Gerbig et al. (2003) showed that the inﬂuence footprint calculated by
STILT was insensitive to the height of the surface inﬂuence volume be-
tween 10% and 100% of the PBL height. We conduct a sensitivity test
by varying the scaling factor of the PBL height, and ﬁnd very small
changes in the averaged footprint values and dimension of observation
vectors for all PBL schemes. Therefore, the a posteriori SO2 ﬂux and un-
certainty are insensitive to the deﬁnition of the surface inﬂuence
volume.
4. Conclusions
Through an inverse modeling analysis, UAS measurements of SO2
mixing ratios were used to constrain the SO2 emission ﬂux from the
open-vent degassing of Turrialba volcano during March 11–13, 2013.
The coupled WRF-STILT model was used to quantify the inﬂuence of
volcanic degassing on the downstream SO2 observations. Using four
PBL schemes (BouLac, MYJ, QNSE and YSU), we evaluated the model
performance of WRF-STILT in reproducing the near-surface meteoro-
logical properties and SO2 observations. The YSU scheme, a ﬁrst-order
closure non-local PBL scheme, was found to perform better than other
schemes in simulating the near-surface meteorological properties and
reproducing the observed SO2 variations. It suggests that non-local
PBL schemesmay be favorable for simulating the boundary layermixing
at the Turrialba volcano.
The optimized a posteriori SO2 degassing ﬂuxes averaged for the
study period were 0.59 ± 0.37, 0.83 ± 0.33, 0.65 ± 0.32 and 0.79 ±
0.37 kt d−1 for the BouLac,MYJ, QNSE andYSUPBL schemes, respective-
ly. These values correspond to a correction scale factor of 8–12 to the
AeroCom posteruptive rate. Our inverse estimates are in good agree-
ment with the SO2 ﬂuxes retrieved from ground-based DOAS instru-
ments. Altogether, these degassing rates suggest that Turrialba
volcano experienced low degassing activity but with sustained sulfur
emission to the troposphere during March 2013. Sensitivity tests
showed that speciﬁcations of the prior and observational errors are
the largest uncertainties in deriving the a posteriori SO2 ﬂux. In compar-
ison, the SO2 ﬂux is less sensitive to the SO2 loss rate, temporal resolu-
tion in data averaging, and deﬁnition of surface inﬂuence volume.
Through this study, we have demonstrated the capability of emerg-
ing UAS technologies, especially the small low-cost UAS platforms car-
rying miniaturized gas sensor packages, for in situ volcanic gas ﬂux
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the volcanological and geological ﬁeld work for volcanic plume moni-
toring and collecting in-plume gas compositions. Compared to ground
stations and manned aircrafts, UAS provides greater ﬂexibility to ac-
commodate the complex environmental conditions (e.g., weather, ter-
rain) near volcanoes and unpredictable plume behaviors, and provide
key information on the gas and ash properties without risking human
lives and aircrafts (such as H2S which is difﬁcult to measure remotely).
Our study showed that when combined with inverse modeling tech-
niques, the gas data collected byUAS can be used to accurately infer sur-
face emissions, which are needed to better assess the environmental
impact of volcanic emissions and understand the underground mag-
matic conditions. On the other hand, our methodology faces various
challenges, such as the computation cost of high resolution trajectory
simulations and impacts of the transport model conﬁguration and
error on the maximum a posteriori estimation.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2016.06.023.
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